the catalytic hydrogenation of prochiral ketones and imines is an advantageous approach to the synthesis of enantioenriched alcohols and amines, respectively, which are two classes of compounds that are highly prized in pharmaceutical, fragrance and flavoring chemistry. this hydrogenation reaction is generally carried out using ruthenium-based catalysts. our group has developed an alternative synthetic route that is based on the environmentally friendlier iron-based catalysis. this protocol describes the three-part synthesis of trans-[amine(imine)diphosphine]chlorocarbonyliron(II) tetrafluoroborate templated by iron salts and starting from commercially available chemicals, which provides the precatalyst for the efficient asymmetric transfer hydrogenation of ketones and imines. the use of the enantiopure (S,S) catalyst to reduce prochiral ketones to the (R)-alcohol in good to excellent yields and enantioenrichment is also detailed, as well as the reduction to the amine in very high yield and enantiopurity of imines substituted at the nitrogen with the N-(diphenylphosphinoyl) group (-p(o)ph 2 ). although the best ruthenium catalysts provide alcohols in higher enantiomeric excess (ee) than the iron complex catalyst used in this protocol, they do so on much longer time scales or at higher catalyst loadings. this protocol can be completed in 2 weeks.
IntroDuctIon
Enantiomerically enriched alcohols and amines are widely used in the pharmaceutical, fragrance, flavoring and fine chemicals industries 1, 2 . One efficient method for their synthesis is the catalytic hydrogenation of prochiral ketones and imines, respectively [3] [4] [5] [6] [7] [8] [9] . For the synthesis of enantioenriched alcohols, a family of ruthenium(II) catalysts is available that contains an expensive chelating enantiopure diphosphine ligand and a chelating enantiopure diamine ligand that were first developed by Noyori [10] [11] [12] [13] . These catalysts operate at 25-50 °C, at hydrogen pressures of 5-100 atm, and with catalyst loadings of 0.01-2 mol% in basic isopropanol to produce alcohols in >95% ee in many cases 3, 4, 6, 7 . Typically, prochiral imines are hydrogenated to the enantioenriched amines by the use of iridium diphosphine catalysts under higher pressures of hydrogen than the reaction just described, which makes use of ruthenium-based catalysts [5] [6] [7] [8] . We have developed an approach to achieve the catalytic hydrogenation of the above-mentioned substrates that relies on the preparation and use of an iron(II)-based catalyst 14 . The source of hydrogen for the iron catalyst [(1S,2S)-N 1 -[2-(diphenylphosphino-κP)ethyl],N 2 -[2-(diphenylphosphino-κP)ethylidenyl]-1,2-diphenyl-1,2-ethanediamine-κN 1 ,κN 2 ]chlorocarbonyliron(II) tetrafluoroborate described here ( Fig. 1) 14 is the solvent isopropanol, which makes the iron complex an asymmetric transfer hydrogenation (ATH) catalyst. Such ATH catalysts are well known for ruthenium, but these compounds typically require higher catalyst loadings and higher temperatures to achieve the same rates and conversions of reactions described herein, as will be described in more detail below. The ketones and imines are reduced using this iron catalyst at 0.02 mol% catalyst loading for ketones and 1 mol% loading for imines, as summarized in Figure 1 . Representative results are shown in Table 1 . The catalyst is activated by 2-8 equivalents of strong base in isopropanol.
Comparison with competing synthetic approaches
The remarkable feature of the catalyst described in this protocol is that it surpasses in activity the conventional and advanced ruthenium catalysts that are generally used in this process. As iron is much less harmful and more abundant than ruthenium, this iron complex is a sustainable and green alternative for applications as a catalyst. In addition, when this catalyst is eventually made on a large enough scale, it will be less expensive than these ruthenium catalyst systems owing to the lower cost of the ligand components. The most expensive component of the iron catalyst is the readily available enantiopure diamine needed for its synthesis, whereas ruthenium catalysts typically require expensive, difficult-to-prepare diphosphine or modified diamine ligands. In Figure 2 , the structures of the most successful ruthenium catalysts are shown, whereas in Table 2 the synthetic conditions are reported; the yields of some relevant procedures that have been performed using ruthenium-based or iron-based complexes to hydrogenate the substrates are reported in Table 1 .
Complex A was developed by Noyori and co-workers 15, 16 . The complex is available commercially, and it provides alcohols enriched to a high ee. For the substrates acetophenone (entry 1 in Table 1 ) and 2-acetonaphthone (entry 7), where comparisons are available, the iron complex (Fe) provides acceptably high ee on a much shorter time scale with much lower catalyst loadings. Complex A reduces tetralone (entry 10) to the alcohol in much higher ee than the iron complex, but again the rate of reduction using A is much slower (62 h for A versus 40 min for Fe to reach equilibrium).
Complex B, which was developed by Baratta et al. 17, 18 , does not appear to be available commercially, and its preparation requires a considerable synthetic effort along with the use of an expensive Josiphos ligand. However, as it can be seen in entries 1, 2, 7 and 11 ( Table 1) , its use enables the reduction of ketones to higher ee and at lower catalyst loadings than the use of Fe. This ruthenium catalyst too, however, is substantially less active, especially considering that the temperature of the reaction is 60 °C for B versus 28 °C for Fe, and the times required to reach equilibrium are again much longer for B than for Fe.
Finally, tethered Noyori-type catalysts such as C have been developed by Wills and co-workers [19] [20] [21] . They are best used with a triethylamine/formic acid mixture as solvent to drive the reductions to completion, making product separation more challenging than from the isopropanol solutions used in iron catalysis. Again, the enantioselectivity of ketone reduction, where comparisons are available ( Table 1 , entries 1 and 11-13), are higher for the reactions involving the ruthenium catalyst, but the activity of this catalyst is much lower, with reductions taking many hours compared with minutes using Fe as catalyst. All of these catalytic systems including the iron system, once activated, must be protected from oxygen in the air. The presence of water is not a problem, at least for the iron catalyst.
Applications
In general, our protocol is practically applicable for the reduction of four categories of substrates in the synthesis of corresponding products ( Table 1 , entries 1-8) on a small scale. (i) Aryl-alkyl (and substituted aryl-alkyl), 2-naphthyl-alkyl and diaryl ketones: for these substrates, the current modified procedure (see Experimental design) normally features high ee (>90%) and high conversions (>99%). (ii) 3,5-Bistrifluoromethylacetop henone (entry 2): the Fe catalyst produces the alcohol in 91% ee at full conversion, but the use of the more enantioselective precatalyst having the xylyl substituents at both phosphine atoms 14 (see also Experimental design) leads to the production of (R) alcohol with 98% ee and full conversion. (iii) α,β-Unsaturated and aryl aldehydes (entries 3 and 4): our iron catalyst is very efficient in the reduction of either aryl or α,β-unsaturated aldehydes, and only one round of reduction (see Experimental design) is required. Usually the catalytic activity is very high and the reduction of α,β-unsaturated aldehyde is chemoselective, only furnishing unsaturated alcohols as the product with high yield (>99%). (iv) -P(O)Ph 2 -protected imines ( Table 1 , entries 5 and 6): only one round of catalytic reduction is required in this case, and both the yield and the enantioselectivity are very high. Besides these substrates, the present protocol also works well for the reduction of other ketone substrates such as alkyl ketones and heteroaryl ketones with very high yields, although in some cases the ee of the product alcohol is low (Table 1, entries 9-13).
The PROCEDURE described below is a very fast and convenient approach for the generation of chiral alcohols and protected amines, and it is practically applicable for small-scale synthesis of these alcohols and amines. The production of the alcohol product in ~1-g scale has been demonstrated to be feasible by simply increasing the scale of the catalytic reaction under the same conditions (W.Z. and R.H.M., unpublished results). The yield can be very high for each substrate if two or even three rounds of catalytic reduction are implemented.
Limitations
The main limitation in the catalyst synthesis is the scale on which it can be performed. In the first stage, a tridentate ligand, (S,S)-PPh 2 CH 2 CH 2 NHCHPhCHPhNH 2 , is prepared in a scale that is limited to 1.5 g. It is made in a time-dependent template method that requires a large amount of solvent to be removed. In addition, the amount of lithium aluminum hydride (LiAlH 4 ) used in a reduction step of the synthesis is limited by the challenges of neutralizing unreacted aluminum hydrides and separating the product from the aluminum salts. We encountered these challenges when attempting to scale up the preparation of this ligand above the 1.5-g limit.
Another main disadvantage of this protocol is the inherently low enantioselectivity observed in the reduction of some substrates, especially those with substituents of low bulk on the acyl group. In addition, the iron catalytic system is not able to reduce nonprotected imine substrates, as the initially formed (unprotected) amine products can easily deactivate the catalyst. As the synthesis of the iron catalyst is very modular, this problem may be overcome in the future by changing substituents on the phosphorus or the backbone of the ligand 14 .
Protocol overview
This protocol describes (i) the synthesis of a phosphonium dimer through the initial preparation of the diethylacetal of α-diphenylphosphinoacetaldehyde and its subsequent treatment with acid (Fig. 3); (ii) the synthesis of an enantiopure tridentate ligand (S,S)-PPh 2 CH 2 CH 2 NHCHPhCHPhNH 2 by reduction and hydrolysis of the imine linkages in a bis-tridentate iron complex (Fig. 4) ; and (iii) the synthesis of the trans-[amine(imine)diph osphine]chlorocarbonyliron(II) tetrafluoroborate complex by a multicomponent template synthesis and metal complex ligand exchange reactions (Fig. 5) .
Each synthesis proceeds cleanly with high selectivity and high yield. The scale of the whole synthesis is limited by that of the tridentate ligand, owing to the potential side reactions in the synthesis of the bis-tridentate iron(II) complex and the accompanying challenges associated with using a larger quantity of LiAlH 4 than that specified in this protocol. These challenges include mixing the reduction reaction effectively with temperature control, neutralizing unreacted aluminum hydrides safely and separating the product from aluminum salts, iron and other solids that are produced. The isolation of the analytically pure trans-[amine (imine)diphosphine]chlorocarbonyliron(II) tetrafluoroborate, which is easily achieved in a good yield by recrystallizing the crude product in hot methanol, is also described. Note that the Figure 1 | The asymmetric transfer hydrogenation of prochiral ketones and imines by the title iron catalyst system at 0.02-1 mol% catalyst loading. R 1 = Me; R 2 = phenyl, 2-naphthyl, 2-pyridyl, 2-furyl, 2-thiophenyl, isopropyl, 2-styryl (ref. 14) . Asterisks indicate the presence of a chiral center.
syntheses of the phosphonium dimer and of the tridentate ligand (S,S)-PPh 2 CH 2 CH 2 NHCHPhCHPhNH 2 take 22 and 8 h, respectively, whereas the synthesis of the final iron complex takes 56 h, owing to the relative long-lasting ligand exchange reactions and the recrystallization process.
A general procedure is also provided for the catalytic ATH of a ketone, acetophenone, to afford the enantioenriched product (R)-1-phenylethanol using the (S,S) form of the catalyst, as well for the ATH of other ketone and imine substrates and the achiral reduction of two aldehydes ( Table 1) . For entries 1-6, the reaction conditions and the results are obtained directly from the current experiment and from our previous experiments ('experimental'). For entries 7-13, the proposed reaction conditions and expected results are deduced from the reaction kinetics of these substrates in the first round of reduction. Adapted from Zuo et al. 14 scaled up (W.Z. and R.H.M., unpublished results) by a factor of ten compared with our original publication 14 . Further purification of the iron complex by first washing the crude product with water in dichloromethane (DCM) solution and the following recrystallization in hot methanol are straightforward and produce the iron complex in high yield and purity. The use of the catalyst in the ATH of ketones and imines ( Fig. 1) is also described.
Experimental design
Synthesis of the phosphonium dimer. The phosphonium dimer is synthesized by deprotection of diphenylphosphinoacetaldehyde diacetal in acidic solution 22 Fig. 1 ). Knowledge of this reaction route led our group to discover a simple method of producing such phosphonium compounds when the phosphorus atoms bear electron-donating substituents and a high-yielding method for the selective formation of a tetrameric macrocycle 22 . Cyclic phosphonium dimers with similar structure but having isopropyl, ethyl or cyclohexyl substituents on the phosphorus atoms are prepared in a simpler manner by directly reacting the corresponding secondary phosphine with the bromoacetoaldehyde diethyl acetal (BrCH 2 CH(OEt) 2 ) to produce phosphonium salts that are then hydrolyzed 22, 23 . This method works because of the greater nucleophilicity of the neutral dialkylphosphines compared with HPPh 2 . It can be expanded to synthesize other protected phosphine-aldehydes with different linkers between the phosphine and formyl groups to prepare phosphonium salts with different ring sizes 22 . These compounds can also be potentially condensed with diamines at iron centers in the same manner described in this protocol to produce new catalyst architectures. In trifluoromethylaryl substituents, the phosphinealdehydes do not react to form phosphonium dimers 24 .
For the deprotection of the diphenylphosphinoacetaldehyde diethylacetal, the reaction mixture is usually allowed to stir overnight to ensure that the reaction goes to completion. Fortunately, we found that the phosphonium product precipitated from the reaction mixture, and thus very pure product can be obtained in high yield by simple vacuum filtration (ref. 22 and W.Z., unpublished observation). In addition, this compound is not soluble in water, so it can be washed to completely remove the inorganic salts (KCl or KBr) by stirring with water at room temperature (22 °C) for more than 2 h, a procedure followed by filtration though a paper filter.
An alternative method to make the nucleophilic phosphide that is required in the reaction involves the reaction of chlorodiphenylphosphine with an excess (5 equiv.) of finely divided lithium in tetrahydrofuran (THF) at room temperature for 30 min under an inert atmosphere 25 . The advantage of using this procedure is that the chlorodiphenylphosphine is cheaper than HPPh 2 . However, the removal of the unreacted lithium and the product lithium chloride by filtration before the addition of chloroacetoaldehyde diethyl acetal is time-consuming and difficult, as the inorganic particles are very fine and can easily block the filter.
Synthesis of the tridentate ligand. The enantiopure tridentate ligand (S,S)-PPh 2 CH 2 CH 2 NHCHPhCHPhNH 2 is selectively synthesized via a multicomponent reaction templated by iron(II) using an air-stable phosphonium precursor, base, (S,S)-1,2-diphenyl-1, 2-diaminoethane (S,S-dpen) and FeCl 2 (ref. 14) . This phosphonium dimer releases reactive α-diphenylphosphinoacetaldehyde when it is treated with base (sodium methoxide (NaOMe)). The aldehyde then undergoes Schiff-base condensation with the enantiopure diamine at iron(II) center to form an iron complex as one diastereomer with two tridentate P-N-N ligands incorporating phosphine, imine and amine donors 23, 26 . This iron complex is treated with LiAlH 4 to reduce the imine linkages, and the resulting mixture is then hydrolyzed to release the enantiopure compound (S,S)-PPh 2 CH 2 CH 2 NHCHPhCHPhNH 2 in high yield and ~90% purity. This compound is pure enough to be used directly in the next step. This method of preparation provides enantiopure compounds that were hitherto unobtainable, possibly owing to their sensitivity to both acid and base. Related compounds with ethyl, tolyl and xylyl substituents at the phosphine atoms can also be made with this method in high yield and used to synthesize additional versions of potential iron catalysts 14 . However, this approach does not work for the cyclohexyl analog. This synthesis is optimized on a 4.7-mmol scale of the S,S-dpen starting material. Scaling down the amounts is usually possible, but scaling it up may lead to some problems at this time, as we discuss later.
The timing of the template reaction is crucial, as extended reaction time results in the formation of a side product, which, on the basis of previous observations, is probably the P-N-N-P tetradentate bis(imine) iron(II) complex 14, 26 . The progress of this reaction can be monitored by 31 A limitation on the scale of the synthesis of this (S,S)-PPh 2 CH 2 CH 2 NHCHPhCHPhNH 2 ligand is a consequence of the time it takes for methanol to evaporate, as larger scales require more solvent and longer evaporation times, during which the side reaction to form the bis(imine) P-N-N-P iron(II) complex can take place 14, 26 . The presence of such a bis(imine) P-N-N-P iron complex will lead to the formation of impurities in the final product after the reduction and the hydrolysis workups. In the present protocol, methanol is removed as quickly as possible in air using a rotary evaporator. We normally use two rotary evaporators in parallel in order to minimize the evaporation time. In addition, the temperature of the water bath of the rotary evaporator should not exceed 30 °C. In these conditions, it takes ~20 min to completely remove the solvent; NMR analysis of the final product indicates that under such conditions the side reaction can be avoided.
In terms of other iron precursors aside from FeCl 2 , FeBr 2 also works, but the reaction rate using this salt increases substantially with respect to FeCl 2 , which increases the likelihood of side reactions, whereas the use of [Fe(H 2 O) 6 ][(BF 4 ) 2 ] usually leads to a mixture of several unknown products.
For the reduction reaction, various hydrides, including LiAlH 4 , NaBH 4 and superhydride, have been used, but only LiAlH 4 gives the pure and clean product. Many side products are obtained when using the other reductants. In addition, at least 2 equiv. of LiAlH 4 relative to S,S-dpen are required to make sure that no other side products will form. The optimum number of equivalents of LiAlH 4 is 3 to 4. Problems related to the use of LiAlH 4 also limit the scale of the whole synthesis of the iron catalyst precursor, as discussed above. Each time only 1.5 g at most of S,S-dpen can be used as the starting material.
Water, methanol and ethanol have been used as a proton source to neutralize aluminum hydrides at the end of the reaction. Only the use of water gave the expected product. LiAlH 4 is a reactive compound that readily catches on fire when exposed to air, and therefore it must be handled with care using inert atmosphere techniques, as described in the PROCEDURE. The reaction mixture in THF is first cooled to approximately −50 °C with liquid nitrogen before the addition of water, and this addition should be initially performed dropwise, making sure that each drop is added only after the bubbling caused by the previous drop has subsided.
The (S,S)-PPh 2 CH 2 CH 2 NHCHPhCHPhNH 2 ligand is finally extracted from the crude product mixture using DCM. Workup for this procedure in the air is necessary, presumably owing to the oxidation of the low-valent iron species produced in the previous step to iron oxides, which can be easily removed by filtration through a pad of Celite. This workup produces essentially pure material in good yield via subsequent drying of DCM under reduced pressure; further purification is not required. Figure 1 is prepared in a facile and economical twostage synthesis. The first stage uses a direct template synthesis method similar to that we used to prepare other tridentate ligands and related P-N-N-P bis(imine) iron complexes 14, 26, 27 . The phosphonium salt is made to react with base to release the In the second stage, a ligand exchange reaction with 1 atm of carbon monoxide and sodium chloride in acetone leads to the formation of the iron complex with the desired partially saturated P-NH-N-P framework in an acceptable overall yield. The crystalline and analytically pure product is easily isolated in good yield by recrystallization from hot methanol.
Synthesis of the precatalyst. The precatalyst trans-[Fe(CO)
Other related iron complexes with either identical or different substituents on the two P atoms can also be made using a similar procedure. These substituents include isopropyl, cyclohexyl, phenyl, tolyl, xylyl and so on 14 . This option affords the possibility of generating catalysts that are optimal for the reduction of ketones with specific structures. For example, catalysts with the xylyl substituents provide certain alcohols in higher ee than the one with phenyl groups described in this protocol 14 .
In the reaction with CO in the presence of NaCl in acetone, the reaction mixture is allowed to stir under a flow of 1-atm CO gas at room temperature for 3 h. This procedure is repeated once more in acetone by removing the solvent after the first 3 h of reaction, followed by the addition of a new portion of acetone to the resulting yellow solid and then stirring the reaction mixture for an additional 3 h. Longer reaction times may be necessary for larger reaction scales than that covered in the PROCEDURE, and in such cases the use of overnight stirring is usually required.
For the final workup, in the original publication the inorganic salts were removed by filtration of the DCM solution through a pad of Celite 14 . In the present, larger-scale reaction conditions, to make sure that these salts are completely removed, we direct readers to wash the DCM solution of the crude product with water in air using a separatory funnel. NMR analysis indicates that if this manipulation together with the following DCM evaporation is completed within 1 h, no decomposition of the iron complex is detected (W.Z., unpublished observation). The extremely pure and crystalline product can be produced via recrystallization in hot methanol at 95 °C in a sealed bomb ( Fig. 6; see Fig. 7 for a larger bomb flask, which can be sealed with a Teflon stopcock or rubber septum). The weight ratio between the crude product and the solvent is 1:10.5.
Catalytic ATH of ketones and imines. In our original publication 14 , we reported the fast asymmetric reduction of a series of ketone and imine substrates by using the P-N-NH-P iron precatalysts activated by 8 equiv. of base in isopropanol. Although the catalytic activity is very high in these conditions, there are two problems with this procedure before it is practically applicable in the synthesis of chiral alcohols. First, owing to the thermodynamic character of the transfer hydrogenation reactions for most ketones, there is equilibrium between ketone, isopropanol, chiral alcohol and acetone, and as a result the substrate cannot be completely converted to the desired product. Second, to achieve the highest conversion of the substrate, it normally takes some time (3 min-1 h) during which the ee of the initially formed chiral alcohols erodes, so that the final products obtained usually have reduced enantiopurity.
To synthesize chiral alcohols with the highest enantiopurity and yields, we modified our initial procedure for the ATH reactions. For acetophenone, under the same conditions as detailed in Zuo et al. 14 , the catalytic reaction is allowed to proceed for 30 s, during which ~60% of the substrate is converted, whereas erosion of the ee is not substantial (~90% ee obtained in these conditions). The catalytic reaction is then quenched immediately with oxygen by bringing the reaction vial out of the glovebox and by exposing the solution to air. The solvent isopropanol and the acetone generated are removed under reduced vacuum, and the mixture obtained is subjected to reduction again for an additional 30 s in the same conditions. Similarly to our previous observations in the direct hydrogenation of acetophenone using the same precatalyst 25 , we have found that the catalytic activity is not dependent on the concentration of acetophenone (W.Z. and R.H.M., unpublished results). Therefore, 30 s for the second reduction step is long enough for the complete conversion of the residual substrate. By this two-step reduction method, R-1-phenylethanol is obtained in 90% ee with >99% yield ( Table 1 , entry 1 and Supplementary Note 2). The only disadvantage of this procedure is that the turnover number (3060) of the acetophenone is half of that of the procedure described in our original publication 14 . We believe that this procedure will work with other substrates; we do so on the basis of the reaction kinetics of these substrates in our previously standard procedure in which these substrates are reduced in only one step ( Table 1 , entries 7-13) 25 . However, for the activated imine substrates benzaldehyde and α,β-unsaturated aldehyde, our previous procedure has already been used to fully convert them to the amines benzylalcohol and allylalcohol, respectively ( Table 1, entries 3-6 ). This method also works when using the more enantioselective precatalyst that possesses xylyl substituents at both phosphine atoms, and thus it is able to generate products of higher enantiopurity while maintaining very high yields (>99%) 14 . In addition, in unpublished research (R.H.M. and S.A.M. Smith, unpublished data), it was found that by varying the structure of the catalyst precursor, via changes in the substituents at the phosphine atoms, ee >99% of R-1-phenylethanol can be obtained. With this catalyst precursor and the current modified procedure, chiral alcohols of higher enantiopurity can be expected to be prepared easily and at high yield.
The relatively pure crude product mixture can be obtained by simply evaporating the solvent isopropanol under vacuum. To implement the current PROCEDURE, only six vials, several stir bars and some Pasteur pipettes are needed. Isopropanol is needed as it acts as both the reductant and the solvent. Only a trace amount of potassium tert-butoxide is required to activate the precatalyst. No heating and no high pressure-resistant reactors are required. However, as the catalyst is sensitive to oxygen, an oxygenfree glovebox is required and the isopropanol should be rigorously oxygen-free. The catalytic reaction is not water-sensitive. • REAGENT SETUP Potassium hydride It is often obtained as a dispersion in oil. Wash off the oil with hexanes inside a glovebox, dry the resulting white solid, and store and handle it in the glovebox. If the atmosphere is maintained carefully in the glovebox, the KH will remain dry for months in a sealed container. Dry THF Add shavings or ribbon from a 1.5 × 1.5 × 1.5 cm slab of Na into a 2-liter flask, and stir with 1 liter of THF for several days under nitrogen gas vented to a bubbler. Add 1 g of benzophenone and more Na if necessary, and stir the mixture until it turns blue. Reflux for several hours. Next, distill off the dry THF, taking care not to boil the heated flask dry. If a commercially available solvent purifier using the column method is available, this is a preferred method of drying. Store the dry solvent in a flask under nitrogen or argon and use it within 2 d. Dry chloroacetaldehyde diethyl acetal Place the chemical as received in a flask that can be sealed with a stopcock and attached to a glass manifold that can deliver vacuum or nitrogen gas. Carefully freeze the liquid by the use of liquid nitrogen in a Dewar. Evacuate the gas above the frozen liquid, and then
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seal the flask. Allow the liquid to slowly thaw, and then shake to release gas. Carefully freeze, pump and thaw the liquid two more times. Take the liquid into the glovebox and store it in a sealed container with 4 Å molecular sieves. When the liquid is stored in a glovebox it remains dry for weeks. Dry methanol Place 200 ml of methanol in a 2-liter round-bottom flask, and add 5 g of magnesium turnings and one crystal of iodine. Stir until the solution is colorless under a slow flow of nitrogen vented to an oil bubbler. When the alcohol is colorless, add another 800 ml of methanol and heat the mixture with a reflux condenser under nitrogen for 4 h and then distill. Store it under dry nitrogen and use it within 2 weeks. 
Dry, oxygen-free isopropanol
3| Add more dry and degassed THF to the solution prepared in
Step 2 to make the total volume of the solution ~120 ml. The solution should be red at this point, and bubbling of the solution should be observed owing to the release of dihydrogen gas (supplementary Fig. 2 ).  crItIcal step For reactions performed on larger scales than the one described herein, the release of H 2 in the glovebox is damaging for the atmosphere of the glovebox. In this case, the reaction can be performed in the vacuum line by releasing the H 2 gas to a mercury bubbler in a well-ventilated fume hood. ? troublesHootInG 4| Let the reaction mixture stir at room temperature for 1 h.
5|
Seal the Schlenk flask with a rubber septum, turn off the valve of the Schlenk flask, and then bring it out of the glovebox. Cool the reaction mixture to −78 °C by using a dry ice-acetone cooling bath in a hemispherical Dewar flask.
6|
In the glovebox, weigh 3.93 g of chloroacetaldehyde diethyl acetal (25.8 mmol) in a disposable 5-ml syringe equipped with a stainless steel needle (0.8 mm × 40 mm) stoppered by sticking it into rubber (e.g., a rubber septum). Take the syringe out of the glovebox and then inject the chloroacetaldehyde diethyl acetal into the THF solution from
Step 5 dropwise over a period of 1 min with vigorous stirring. Please note that this addition is performed while the Schlenk flask is kept at −78 °C (see Step 5) .  crItIcal step The chloroacetaldehyde diethyl acetal should be degassed using the freeze-pump-thaw degassing method and dried with 4 Å molecular sieves and stored in the glovebox before use (see Reagent Setup).
7|
Remove the Schlenk flask from the cooling bath and let the reaction mixture slowly warm to room temperature while the solution is being stirred. In total, stir the solution for 1 h from the time it is removed from the cooling bath. During this period, the color of the solution changes slowly from red to slightly yellow.
8| Dilute 3 ml of 36.5% wt/vol HCl(aq) with 10 ml of distilled water. Add this diluted hydrochloric acid solution to the reaction mixture from Step 7, and let it stir at room temperature overnight to produce a white precipitate (supplementary Fig. 3 ). ! cautIon HCl(aq) is highly corrosive, and its vapors irritate the eyes and throat. Carry out this step in a well-vented fume hood.
9|
Isolate the product by vacuum filtration using a Büchner funnel and a filter paper in air (supplementary note 3) . Keep the white solid and discard the filtrate.
10|
Put the white solid obtained in Step 9 and the stir bar back into the Schlenk flask and add to it 10 ml of distilled water. Let the resulting white suspension stir at room temperature for 2 h.  crItIcal step It is essential to remove all the inorganic salts from the product; otherwise, the quantity of the phosphonium dimer used in Step 13 will not be accurate. Washing the product with distilled water twice is advised.
11|
Isolate the product by vacuum filtration using a Büchner funnel and a filter paper in air, as in Step 9. Keep the white solid and discard the filtrate.
12| Wash the product with 10 ml of THF in air by adding THF into the product pad inside the Büchner funnel while the vacuum is on. Keep the vacuum for 10 min until the product is almost dry. Dry the product under high vacuum (1 × 10 −1 mbar) for more than 3 h; we put the product inside the antichamber of the glovebox under vacuum overnight.  pause poInt This compound is usually obtained in 82% yield, and it can be stored in air at room temperature for several months without noticeable loss of purity.
synthesis of the tridentate ligand (S,S)-pph 2 cH 2 cH 2 nHcHphcHphnH 2 • tIMInG 8 h 13|
In the glovebox, dissolve 0.6 g of FeCl 2 (4.7 mmol) in 20 ml of methanol in a 20-ml vial while stirring. In a separate 20-ml vial, dissolve 1 g of S,S-dpen (4.7 mmol) in 20 ml of methanol while stirring. Weigh 0.33 g of NaOMe (6.1 mmol) and 1.6 g of the phosphonium dimer (3.0 mmol) from Step 12 into a 500-ml flask containing a Teflon-coated stir bar.  crItIcal step Methanol should be dry and degassed. The amount of the phosphonium dimer is important for the full conversion of S,S-dpen. A quantity of phosphonium dimer <3.0 mmol will lead to incomplete conversion of S,S-dpen, which will be left in the final product, whereas too much phosphonium dimer will cause side reactions and lead to the formation of impurities, which will also be left in the final product. For the same reason, excess FeCl 2 (1 equiv. instead of the stoichiometric 0.5 equiv.) is used.
14|
While still working in the glovebox, add 200 ml of dry and degassed methanol into the flask and let the resulting colorless solution stir at room temperature for 2 min.  crItIcal step The concentration of the reactants is crucial; higher concentrations easily lead to side reactions, whereas lower concentrations will result in the reaction not proceeding to completion.
15|
Add the S,S-dpen and FeCl 2 solutions in sequence into the colorless solution from Step 14. The color of the solution instantaneously turns to red. Seal the flask and let the red solution stir at room temperature for 15 min inside the glovebox (supplementary Fig. 4) .  crItIcal step A reaction time longer than 10 min is required for the full conversion of S,S-dpen. However, a reaction time longer than 30 min is likely to cause side reactions. The reaction can be monitored by 31 P[ 1 H] NMR using a D 2 O insert (supplementary note 1) to make sure that the side product resonating at δ 73.2 p.p.m. does not appear.  crItIcal step Methanol is volatile and the flask should be sealed, as the methanol gas is harmful to the catalyst bed of the glovebox.
16|
Take the flask out of the glovebox and then separate the solution into two portions with approximately equal volumes in two one-neck round-bottom flasks. Remove the solvents of the two portions in parallel using two rotary evaporators (supplementary note 4).  crItIcal step The temperature of the water bath should not exceed 30 °C; otherwise, side reactions will occur. It takes ~20 min for complete removal of the solvent. It is essential to remove all of the methanol from the reaction mixture, as it can react with LiAlH 4 in Step 19 of the PROCEDURE. To remove traces of methanol, after rotary evaporation we advise implementing prolonged (longer than 30 min) drying under high vacuum. Alternatively, traces of methanol can be removed azeotropically by adding ~10 ml of THF to the solid followed by evaporation with a rotary evaporator.
17|
Remove the water on the outer wall of the flasks completely by wiping the flask wall with a paper towel and by rinsing with acetone and drying it again with a paper towel. Next, bring the two flasks inside the glovebox. For one flask, use a spatula to scratch down the red solid from the wall of the flask and then combine the red solid with that in the other flask.  crItIcal step The water on the outer wall of the flask comes from the water bath of the rotary evaporator. It must be removed completely.
18|
In the same glovebox, weigh 0.71 g of LiAlH 4 (18.8 mmol, 4 equiv.) into a 4-ml vial. Add this LiAlH 4 portion-wise to 100 ml of THF in a separate 250-ml round-bottom flask while vigorously stirring. Let the solution stir for 30 s. ! cautIon LiAlH 4 reacts vigorously with water, acids and alcohols, and it can easily catch fire. LiAlH 4 should be handled and stored under an inert atmosphere. The addition of LiAlH 4 to THF can be surprisingly exothermic. Small quantities of LiAlH 4 should be destroyed by quenching it with cold isopropanol (0 °C). THF should be dry and degassed.  crItIcal step The quantity of LiAlH 4 should be >2 equiv. relative to S,S-dpen to ensure a complete reaction. The optimal amount is 4 equiv. More LiAlH 4 will cause serious handing problems in the subsequent hydride quenching reaction.
19|
Pour the THF solution of LiAlH 4 into one of the flasks that contain residual red product on the flask wall from Step 17 to rinse the residual product. Add the resulting brown solution to the other flask that contains the majority of red solid while vigorously stirring. Let the brown solution stir for 5 min at room temperature to produce a black or brown solution (supplementary note 5).
20| Seal the flask and take it out of the glovebox. Add an additional 50 ml of THF to the flask. Cool the solution for 1 min in liquid nitrogen in a hemispherical Dewar flask.  crItIcal step The aim of adding more THF is to ensure fluent stirring in the next step. The added THF does not need to be dry and oxygen-free.
21|
Remove the cap of the flask, and then take it out of the liquid nitrogen. Fix the flask on a stirring plate and add to it 5 ml of distilled water dropwise while vigorously stirring. ! cautIon The reaction of LiAlH 4 with water is highly exothermic, and the bubbling of dihydrogen gas is particularly violent. Therefore, initially the addition of water should be performed dropwise, with each drop of water added to the THF solution only when the gas bubbling caused by the previous drop has ceased. As hydrogen is released during the course of the reaction, the necessary precautions against fire and explosion should be taken. This step should be performed in a wellventilated fume hood.  crItIcal step The excess (5 ml) water is added to make sure that the quenching reaction is complete.
22|
Let the reaction solution stir at room temperature for 10 min and observe the color of the solution changing from black to yellow.
23|
Remove the solvents under vacuum by rotary evaporation to obtain a yellow solid. The solution can be warmed up to 40 °C.
24| Add 20 ml of distilled water and 100 ml of DCM to the yellow solid, and then stir the mixture for 10 min at room temperature. Use a spatula to scratch down the product from the wall of the flask while the solution is being stirred.
25|
Divide the mixture into three portions. Pour one portion into a 500-ml separatory funnel and add an additional 50 ml of distilled water. Add 150 ml of DCM into the separatory funnel, and shake the resulting mixture. Keep the funnel still for 1 min to check whether there is an obvious organic phase at the bottom of the funnel. If there is no phase separation, add more DCM and shake the funnel until the phase separation occurs (supplementary Fig. 5 ). Collect the organic phase and extract the aqueous phase with fresh DCM. In total, usually 500 ml of DCM is required. Combine all the organic solutions and discard the aqueous phase.
? troublesHootInG 26| For the remaining two portions of the mixture obtained after Step 24, use the DCM solution that was obtained from
Step 25 to extract the desired product with the same procedure that was used in Step 25.  crItIcal step Pure DCM should be used to extract the product as in Step 25. However, the DCM is reused to extract the product for the other two portions to reduce the cost of the use of pure DCM.  crItIcal step The product can be slowly oxidized by oxygen in air. Therefore, the extraction and the following evaporation of the solvent (see Step 27) should be done within 2-3 h. Longer manipulation times will lead to partial oxidation of the product.
27|
Filter the organic solution through a pad of Celite under vacuum to obtain a colorless or slightly yellow solution (supplementary note 6). Keep the solution in a clean beaker for 2 min in air to allow the droplets of the aqueous phase to stick to the sides of the beaker, and then pour the organic phase carefully into a big one-neck round-bottom flask. Remove the solvent by rotary evaporation by heating the solution to a maximum of 40 °C to obtain a colorless or slightly yellow oily product.  crItIcal step Typically, the organic solution should be dried with anhydrous Na 2 SO 4 or MgSO 4 and then filtered. However, such an operation is omitted in Step 27 in order to avoid potential side reactions of the product, which was found to be sensitive to both acid and base. Instead, the trace water in the DCM solution can be removed by keeping the DCM solution in a clean beaker for 2 min and then pouring the DCM solution out, with the water being left on the wall of the beaker. The residue water from this step will be completely removed in the next step by drying the final product with high vacuum overnight. The purpose of filtering the solution through Celite is to remove the iron oxides from the DCM solution.
28| Dry the product under high vacuum (1×10 −1 mbar) overnight; we put the product inside the glovebox antichamber under vacuum overnight.  crItIcal step This compound is sensitive to acid, base, aluminum oxide and silica gel, and as a result further purification using acid and base or by chromatography is not recommended.  pause poInt This compound is usually obtained in 75% yield, and it can be stored under inert atmosphere for several months without noticeable loss of purity. ? troublesHootInG 32| Take the flask out of the glovebox, and remove the solvents by using a rotary evaporator, heating the solution to a maximum temperature of 30 °C in the air to afford a pink solid (supplementary Fig. 6 ).  crItIcal step In this step, the experimenter will obtain the P-N-NH-P bis(acetonitrile) iron(II) complex trans-[Fe(MeC N) 2 (PPh 2 CH 2 CH=NCHPhCHPhNHCH 2 CH 2 PPh 2 )](BF 4 ) 2 , which is not very sensitive to air. The solvents can thus be removed in the air by using a rotary evaporator. However, such an operation should be completed within 1 h; otherwise, the complex will slowly decompose, leading to the formation of a brown solution.
33|
Transfer the pink solid obtained at the end of Step 32 to a 250-ml Schlenk flask containing a Teflon-coated stir bar. Weigh 0.41 g of NaCl (7.0 mmol) into the Schlenk flask and seal it with a rubber septum. Connect the Schlenk flask to the vacuum line, and fill the flask with CO (at least three vacuum-CO cycles). Transfer 150 ml of acetone to the solid mixture mentioned above via a positive pressure cannula transfer method (box 1 and Fig. 7) . Seal the flask with a glass or rubber septum, and stir the pink solution in a 1-atm CO flow for 3 h at room temperature. ! cautIon CO is highly toxic. Work in a well-ventilated fume hood. Keep the sash down during all experiments. Use a CO detector near the fume hood.
34|
Remove the solvents by rotary evaporation in air, heating the solution to a maximum temperature of 30 °C.
35|
Connect the Schlenk flask to the vacuum line and fill the flask with CO (at least three vacuum-CO cycles). Transfer 150 ml of acetone to the above solid mixture via a positive pressure cannula transfer method (box 1). Seal the flask with a glass or rubber septum, and stir the pink solution at 1 atm of CO flow for 3 h at room temperature. These operations are the same as those described in Step 33.
36|
37|
Remove the water in the outer wall of the Schlenk flask completely by wiping with a paper towel and rinsing with acetone and drying again with a paper towel. Next, place the Schlenk flask inside the glovebox.
38|
In the glovebox, add 50 ml of DCM to the Schlenk flask, and then keep the flask still for 10 min until a white precipitate is seen forming on the bottom of the flask. Pour the DCM solution into a round-bottom flask containing a Teflon-coated stir bar. Use additional DCM (20 ml) to rinse the white precipitate, and then pour the DCM solution into the round-bottom flask. Discard the white precipitate in the Schlenk flask. Remove the DCM in the round-bottom flask under vacuum to obtain a yellow-orange solid (supplementary note 8).
39| While still in the glovebox, add 15 ml of methanol to the yellow-orange solid obtained in the last step, and then stir the resulting brown solution for 30 min to afford a yellow-orange precipitate (supplementary Fig. 7) .
40|
Isolate the crude product via vacuum filtration by using a sintered glass funnel (supplementary note 9). Discard the filtrate. Dry the crude product completely under high vacuum (1 × 10 −1 mbar for 2 h) to yield a yellow solid.  pause poInt This crude product can be stored under an inert atmosphere for several months without noticeable loss of purity. However, the color of the solid slowly changes to slightly brown after being exposed to air overnight.
41| Dissolve the yellow solid from
Step 40 in 100 ml of DCM in air, and then transfer the solution to a 500-ml separatory funnel. Add 100 ml of distilled water into the separatory funnel. Shake the mixture several times, and then keep the funnel still for ~5 min to allow phase separation. Collect the organic phase and add an additional 50 ml of DCM into the funnel to further extract the product left inside the aqueous phase. Combine the two organic phases and remove DCM using a rotary evaporator, heating the solution to a maximum temperature of 30 °C to obtain a yellow solid.  crItIcal step This step should be completed within 1 h, as the iron(II) complex is slightly sensitive to air.
42| Dry the product under high vacuum (1 × 10 −1 mbar) for more than 3 h; we put the product inside the antechamber of the glovebox under vacuum for 3 h.  crItIcal step Similarly to Step 27, we do not use Na 2 SO 4 or MgSO 4 to dry the DCM solution. We do not implement this procedure to avoid potential side reactions of the iron(II) complex. The trace water left in the final product can be completely removed by keeping it under high vacuum for 3 h.
43|
Take the product inside the glovebox and transfer it to a bomb (or a flask) with a thick wall; add methanol (the ratio of the weight of the crude product to that of methanol is 1:10.5). Also add a small Teflon-coated stir bar inside the bomb. Seal the bomb and take it out of the glovebox.  crItIcal step The methanol should be dry and oxygen-free.
44|
Immerse the bomb in a silicone oil bath preheated to 95 °C (silicone oil in a glass dish with 150-mm outer diameter and 75-mm height), and leave it stirring for 5 min until the solid has completely dissolved. Stop both the heating and stirring, and keep the bomb still overnight to afford red crystals (Fig. 6) . ! cautIon To avoid and pre-empt the risk of explosions, the bomb (or the flask) should have a very thick wall and be resistant to high pressure, and it should be sealed very well. Work in the fume hood and keep the sash down. For larger scale, extreme caution should be taken to avoid an explosion when the mixture is being heated in the oil bath.
45|
Isolate the crystals via vacuum filtration by using a Büchner funnel and a paper filter.  pause poInt For this step, normally 65% (weight) of the crude product will be isolated as crystals. The crystals can be stored under inert atmosphere for several months without noticeable loss of purity. However, the color of the crystals changes to slightly brown after being exposed to air overnight.
46| Transfer the mother liquor that is obtained from
Step 45 to a round-bottom flask, and then remove the solvent under vacuum using a vacuum pump to obtain a yellow-orange powder.
47|
Place the crystallization bomb and the yellow solid inside the glovebox, and then transfer the solid into the bomb together with a small Teflon-coated stir bar. Add methanol to the bomb with a solid:methanol weight ratio of 1:7. Seal the bomb and take it out of the glovebox.
48| Repeat
Step 44: immerse the bomb in a silicone oil bath preheated to 95 °C, and leave it stirring for 5 min until the solid has dissolved completely. Stop both the heating and stirring, and keep the bomb still overnight to afford red crystals.
49| Repeat
Step 45: isolate the crystals via vacuum filtration by using a Büchner funnel and a filter paper. Discard the mother liquor.
50|
Combine the crystals obtained from Steps 45 and 49. Dissolve the crystals in DCM and remove the DCM under reduced pressure using a vacuum line to remove residual methanol.  crItIcal step The crystals contain methanol molecules in the lattice. The residual methanol will deactivate the catalysis in the ATH reactions; this step, therefore, ensures that methanol is removed from the crystal lattice.  pause poInt This crystalline compound is usually obtained in 40% yield on the basis of the quantity of ligand (S,S)-PPh 2 CH 2 CH 2 NHCHPhCHPhNH 2 , and it can be stored under an inert atmosphere for several months without noticeable loss of purity.
catalytic atH of ketones and imines • tIMInG ~3 h  crItIcal This part of the PROCEDURE is detailed for the use of acetophenone as substrate (to produce (R)-1-phenylethanol). Please note that this substrate is used as an example and that the same procedure should be implemented for the ATH of imines or other ketones.  crItIcal Please note that Steps 61-65 of the PROCEDURE are optional, as not all ATHs need to be performed by implementing two successive reductions (table 1).
51|
In the glovebox, weigh 17 mg of the precatalyst from Step 50 (0.0197 mmol) in a 20-ml vial containing a Teflon-coated stir bar. Add 6.08 g of cold DCM (stored in a fridge at −30 °C for >30 min) into the vial while vigorously stirring. Draw the solution into a 10-ml syringe equipped with a stainless needle (0.8 mm × 40 mm) immediately after the dissolution of the solid.  crItIcal step The catalytic activity is highly dependent on the quality of the atmosphere of the glovebox. Catalysis carried out using the vacuum line is usually associated with notably reduced yields.
52|
Divide the solution into several equal portions in several 20-ml vials, such that each portion has 0.2 g of the precatalyst solution. Evaporate the DCM completely under vacuum to obtain a yellow solid. These operations should lead to the isolation of ~6 × 10 −7 mol of the precatalyst quantity in each vial (6.48 × 10 −7 mol, in our hands).  crItIcal step To ensure that the DCM is completely removed, we put the vials inside the antechamber of the glovebox under vacuum for an additional 30 min.
53| While still working in the glovebox, weigh 0.01 g of KOtBu (0.089 mmol) in a 20-ml vial containing a Teflon-coated stir bar. Add 1.02 g of isopropanol (1.30 ml) into the vial while stirring. Seal the vial and let the solution stir for 15 min at room temperature to obtain a colorless solution.  crItIcal step The isopropanol should be rigorously oxygen-free. Please note that the catalytic activity is also highly dependent on the quality of the isopropanol.
54|
In the glovebox, weigh 0.477 g of acetophenone (3.97 × 10 −3 mol, 6,120 equiv. relative the precatalyst) into a 20-ml vial containing a Teflon-coated stir bar. Add 5.63 g of isopropanol (7.16 ml) into this vial and let the resulting solution stir at room temperature for 1 min.  crItIcal step The acetophenone should be dry and degassed. For the reaction of other ketone and imine substrates, this procedure also works.
55| Pour this solution into one of the vials from
Step 52 together with a stir bar. Add 1 g of fresh isopropanol to rinse this vial, and then combine all of the solution into the vial that contains the precatalyst. Let this mixture stir at room temperature for ~15 min until all of the precatalyst that sticks on the wall of the vial has been dissolved. A slightly yellow solution should be observed.
56| Weigh 0.06 g of the solution from
Step 53 (contains 5.24 × 10 −6 mol of base, corresponding to 8 equiv. of base relative to the precatalyst) into a 20-ml vial. Add another 0.501 g of fresh isopropanol (0.64 ml) into this vial, and then shake the vial several times to ensure that the base diffuses evenly. 
58|
After allowing the reaction to proceed for 30 s, take the vial out of the glovebox immediately and shake it in air many times to ensure that the catalytic reaction is completely quenched. We generally perform this procedure by putting the vial immediately after it has been taken out of the glovebox onto a stirring plate, which is already turned on at the highest stirring rate.  crItIcal step To ensure that the reaction is quickly quenched, the vial should not be sealed.
59|
Transfer the solution to a round-bottom flask, and remove isopropanol either by rotary evaporation or under vacuum using the vacuum line. Add two successive 10-ml portions of pentane to the flask to extract the organic product, and then filter the solution through a paper filter in a Büchner funnel. Transfer the filtrate into a 50-ml Schlenk flask and remove pentane under reduced pressure.
60|
Place the Schlenk flask in the glovebox.
61|
In the glovebox, add 2.0 g of fresh isopropanol (2.54 ml) into one of the vials containing the catalyst precursor (from Step 52) while vigorously stirring. Let the mixture stir for 15 min until all of the precatalyst that sticks on the wall of the vial has been totally dissolved.
62| Repeat
Step 56: weigh 0.06 g of the solution prepared in Step 53 (contains 5.24 × 10 −6 mol of base, corresponding to 8 equiv. of base relative to the precatalyst) into a 20-ml vial. Add an additional 0.501 g of fresh isopropanol (0.64 ml) into this vial and then add a Teflon-coated stir bar.
63|
In the glovebox, add 4.63 g of fresh isopropanol (5.89 ml) into the Schlenk flask prepared in Step 60, and then shake the flask until the product is completely dissolved. Transfer this solution to the base solution prepared in Step 62 while stirring.
64| Pour the precatalyst solution prepared in
Step 61 into the solution from Step 63 to initiate the catalytic reaction. At the same time, start the timer.  crItIcal step As the mixture of acetophenone reactant and 1-phenylethanol product inside the Schlenk flask prepared in Step 60 may still contain the base that was introduced in the first round of catalytic reduction, here we perform the catalytic reaction by first mixing the new portion of base and the product mixture and subsequently adding the precatalyst. This sequence is different from the first round of reduction, whereby the base was added to the mixture of the precatalyst and the substrate.
65|
After allowing the reaction to proceed for 30 s, take the flask out of the glovebox immediately, and shake it in air many times to ensure that the catalytic reaction is completely quenched (see also Step 58 for directions on quenching the reaction).
66|
Remove the solvent either by rotary evaporation or under vacuum using the vacuum line to obtain the crude product. The gas chromatograph spectrum of this mixture is reported in supplementary note 2. Samples were analyzed using a Shimadzu GC-2014 gas chromatograph with a chiral column (Rt-bDEXse, 30 m × 0.25 mm). Hydrogen gas was used as a mobile phase at a column pressure of 38.3 kPa. The injector temperature was 250 °C, the flame ionization detector (FID) temperature was 275 °C and the oven temperature was 130 °C. The amount of 1-phenylethanol in the sample was determined relative to the amount of the acetophenone.  pause poInt The product (R)-1-phenylethanol is usually obtained in >99% yield with an ee of 90%. It can be stored in air for several months without noticeable loss of purity.
? troublesHootInG Troubleshooting advice can be found in table 3.
• tIMInG Do not try to remove them, as these salts do not affect the reaction
